Introduction
Vascular complications, including thrombotic events, are among the leading causes of morbidity and mortality in patients with lupus. Antiphospholipid antibodies, present in one-third of lupus patients, are a major driver of this thrombophilia and help define a complication coined antiphospholipid syndrome (APS). APS is diagnosed when circulating antiphospholipid antibodies are detected in patients with certain cardinal events, including deep vein thrombosis (DVT) and stroke (1) . The diagnosis of APS is not limited to lupus patients and, about half the time, will be diagnosed as a standalone syndrome, primary APS (2) . APS (with an estimated prevalence of at least 1 in 2,000) is the leading acquired cause of thrombosis in the US (3) . APS also places patients at increased risk for pregnancy loss, cytopenias, cardiac valve lesions, seizure disorder, cognitive dysfunction, and nephropathy (4) . Patients with APS are typically treated with anticoagulant drugs such as warfarin, which are not uniformly effective for antiphospholipid antibody-mediated thrombosis and offer little protection against the varied nonthrombotic manifestations of APS (5) .
The pathophysiology of APS has yet to be fully defined. Despite the historical name "antiphospholipid", most pathogenic antibodies in APS do not actually target phospholipids, but rather lipid-binding proteins. The best described antigen in APS is β-2 glycoprotein I (β 2 GPI). β 2 GPI, a cationic lipid-binding protein with unclear function, is made especially by the liver and circulates at high levels in plasma (50-200 μg/ml) (6, 7) . It has been suggested that anti-β 2 GPI antibodies potentiate thrombosis by engaging β 2 GPI on cell surfaces, thereby promoting cell activation (8-10).
On this front, there has been a particular interest in endothelial cells. Given its constant interaction with whole blood, the endothelium necessarily has properties that potently counter coagulation/thrombosis (11) . The endothelium is also the gateway by which inflammatory cells escape from blood to tissue, a tightly regulated process that involves rolling, firm adhesion, and extravasation. These critical events are regulated by selectin-mediated interactions that facilitate the initial rolling, and then stronger integrin-mediated engagement that promotes firm adhesion and the eventual escape of leukocytes through the vessel wall (12) . In animal models of antiphospholipid antibody-mediated thrombosis, as well as in APS patients, there are signs suggesting increased endothelial activation. For example, tissue factor activity is increased in carotid homogenates from antiphospholipid antibody-treated mice (13) . In parallel, such treatment also increases leukocyte-endothelium interplay in the microcirculation (14) . Going further, antagonizing either E-selectin or P-selectin (the key selectins expressed by the endothelium) protects against thrombosis in mice (15, 16) ; the same is true for strategies blocking the integrin ligands VCAM-1 and ICAM-1 (16) . Mechanistically, a study has suggested that downregulation of endothelial NOS (eNOS) by antiphospholipid antibodies may be another important factor in increased leukocyte-endothelium interplay (17) . Mechanistically, NF-κB, p38 MAPK, and Krüppel-like factors (KLFs) have all been implicated in antiphospholipid antibody-mediated activation of endothelial cells (18) (19) (20) , demonstrating how antiphospholipid antibodies may co-opt pathways normally associated with more "authentic" inflammatory stimuli.
Going beyond the endothelium, we have investigated the role of circulating cells, especially neutrophils, in antiphospholipid antibody-mediated thrombosis, with the idea that these cells may be hyperresponsive to subclinical endothelial activation (for example, as caused by the venous stasis that predisposes mice to DVT formation) (21) . We have demonstrated in both human and murine systems that APS neutrophils are prone to exuberant release of neutrophil extracellular traps (NETs) -chromatin-derived extracellular "spider webs," expelled from neutrophils in response to infectious or inflammatory stimuli (21, 22) . While NETs aid the host by capturing and killing pathogens, they have also been reported to promote thrombosis by activating clotting factors and ensnaring platelets (23) . When NETs do form in APS patients, they may be particularly resistant to degradation (24) . Furthermore, APS patient blood appears to be enriched in a subset of low-density neutrophils called low-density granulocytes (LDGs), which are known to release NETs in an exaggerated fashion (25) .
Here, we further explore pathways that may be primed in APS neutrophils, thereby leading to these exaggerated responses. We were particularly interested in identifying mediators of increased engagement between neutrophils and endothelial cells. While disruption of leukocyte-endothelial interactions has been explored as a potential therapeutic approach in inflammatory diseases such as sickle cell anemia and inflammatory bowel disease (26, 27) , the concept has been relatively unstudied in APS.
Results
Analysis of the APS neutrophil transcriptome reveals an activated, proinflammatory signature. Neutrophils were isolated from the peripheral blood of 9 patients with primary APS and 9 healthy controls matched for age, sex, and ethnicity (see Supplemental Table 1 for the details of all patients included in this study; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.93897DS1). The transcriptome was then comprehensively analyzed using RNA sequencing. We identified 1,363 differentially expressed genes in neutrophils from patients with primary APS as compared with controls, including 593 and 770 upregulated and downregulated genes in primary APS, respectively. Functional gene network analysis of upregulated genes revealed a clear proinflammatory expression signature in primary APS, highlighted by a number of significantly enriched inflammatory meta-groups including IFN-mediated signaling, TLR signaling, and cellular defense, among others ( Figure 1) .
The IFN-mediated signaling pathway meta-group was the most significantly enriched group of upregulated genes in primary APS neutrophils as compared with controls (P = 4.0 × 10 -27 ). Indeed, the type-I IFN-regulated gene IFIT1 was the most upregulated gene in primary APS neutrophils (8.5-fold compared with healthy controls) (Supplemental Table 2 ). Other upregulated IFN-regulated genes included IFIT3 (5.2-fold), IFI6 (4.9-fold), MX1 (4.8-fold), HERC5 (4.8-fold), and many others. Gene Ontology (GO) analysis showed the type I IFN signaling pathway as the most significant GO enriched in genes upregulated in primary APS (Supplemental Table 3 ). Other notably upregulated genes include TLRs TLR4, TLR5, and TLR8 (2-fold, 2.9-fold, and 2.9-fold, respectively), and a group of leukocyte immunoglobulin-like receptor (LILR) genes. These include all the activating LILR family members, LILRA1, LILRA2, LILRA3, LILRA4, LILRA5, and LILRA6, with the most overexpressed being LILRA4 (8.3-fold). Analysis of gene set enrichment in genes downregulated in primary APS revealed that downregulated genes are generally less cohesive as a functional group compared with upregulated genes, with only two functional categories reaching statistical significance (ATP binding and T cell receptor signaling pathway) (Supplemental Table 3 ). In summary, these data demonstrate an activated gene expression signature in the neutrophils of patients with primary APS as compared with matched healthy controls.
Cell adhesion genes are upregulated in APS patient neutrophils. A number of upregulated genes within the cellular defense meta-group are relevant to neutrophil recruitment and adhesion ( Figure 1) . Moreover, the GO "leukocyte migration" was significantly represented by upregulated genes (Supplemental Table 3 ). To identify all upregulated genes in APS neutrophils that are relevant to cell adhesion, we performed a literature mining analysis to determine relationships between these upregulated genes and "cell adhesion" in the published literature. Among the 593 upregulated genes, 548 were present in MEDLINE (https://www.nlm.nih. gov/pubs/factsheets/medline.html). Of these 548 genes, 209 were linked to "cell adhesion" in MEDLINE, thereby demonstrating significant enrichment for this relationship (P < 0.0001) (Figure 2 ). Furthermore, a number of these genes were specifically linked to "neutrophil adhesion," such as SELPLG (PSGL1) and SELL (encoding for L-selectin) ( Figure 2 ). We took particular note of SELPLG, which encodes P-selectin glycoprotein ligand-1 (PSGL-1) and which was upregulated 2.5-fold in patients with primary APS as compared with controls. PSGL-1 engages with endothelial selectins to mediate neutrophil rolling (step-wise transit along the endothelial surface) (12) . Rolling may be followed by arrest and (depending on the vascular bed) transmigration, with these subsequent steps dependent upon the interaction of neutrophil β-2 integrins with endothelial partners such as ICAM-1 (12) . PSGL-1, as a key initiator of cell adhesion, is an attractive (28) , and inhibiting PSGL-1 has been shown to be effective in models of other immune-mediated diseases such as inflammatory bowel disease (27, 29) . P-selectin/PSGL-1 inhibitors have demonstrated efficacy in sickle cell disease and certain models of thrombosis (26, 30, 31) . Moreover, PSGL-1 polymorphisms have been shown to be associated with thrombosis risk in APS patients (32) . Therefore, we selected PSGL-1 for further study as a potential target in APS.
PSGL-1 is upregulated in the neutrophils of patients with primary APS.
Having demonstrated overexpression of the gene encoding for PSGL-1 by RNA sequencing analysis (Supplemental Figure 1) , we turned our attention to an independent group of 15 patients with primary APS and 15 healthy controls. As compared with controls, the neutrophils of patients with primary APS demonstrated a median 3.4-fold increase in expression of the PSGL-1 gene ( Figure 3A) . In a parallel experiment, we conditioned control neutrophils with 24 unique APS patient serum samples for 4 hours and then analyzed gene expression. This experiment demonstrated a median 2.1-fold increase in the expression of the gene encoding for PSGL-1 upon exposure to APS serum, as compared with control serum (which was always heterologous to the control neutrophils) ( Figure 3B ). Importantly, we also extended these findings to the protein level, demonstrating that, as compared with control serum, APS serum increases PSGL-1 expression on the neutrophil surface (Supplemental Figure 2) .
To understand whether increased PSGL-1 expression in APS was attributable to antiphospholipid antibodies themselves or other factors in serum, we depleted total IgG from the serum of 5 APS patients. Interestingly, IgG depletion significantly neutralized the ability of APS serum to increase expression of Figure 2 . Genes upregulated in APS neutrophils that had been associated with "cell adhesion" within MEDLINE abstracts. Genes that had also been associated with "neutrophil adhesion" are shown in blue. The size of each node is proportional to the number of connections within this network, and the thickness of the edges is proportional to the number of times the terms were co-mentioned in the literature. Relationships with a strength of 5 or greater (see Methods) and genes with at least 4 connections within the network were included in the figure. This was done to reduce clutter and emphasize which genes were highly interconnected within the cellular adhesion network.
the PSGL-1 gene in control neutrophils ( Figure 3C ). In a parallel experiment, we conditioned control neutrophils with purified IgG from the same 5 APS patients. As compared with IgG from control patients, APS IgG significantly increased PSGL-1 gene expression ( Figure 3D ). In summary, these data demonstrate upregulation of the gene encoding for PSGL-1 in the neutrophils of patients with primary APS, with that upregulation likely attributable to a direct interaction between antiphospholipid antibodies and neutrophils. Figure 4A ), in which the endothelium is not explicitly damaged but rather physiologically activated by flow restriction (21) . This is accompanied by injection of APS IgG (purified from the blood of patients with high-titer anti-β 2 GPI antibodies) 24 or 48 hours before the flow restriction (21) . Our work to date in this model has revealed that both neutrophils and NETs are required for APS IgG to accelerate the thrombosis phenotype (21) , as evidenced by the ability of either neutrophil depletion or DNase administration (which dissolves NETs) to preferentially mitigate thrombosis in APS mice as compared with control mice (21) . Furthermore, we have demonstrated the direct engagement of APS IgG with mouse neutrophils in vivo, as injection of APS IgG (but not control IgG) significantly increases the percentage of IgG-bound neutrophils in circulation (21) . Here, injection of APS IgG significantly raised anti-β 2 GPI levels in mouse blood, with peak levels achieved by 24 hours after injection and maintained through 48 hours (Supplemental Figure 3) . At this same 24-hour time point, we detected more PSGL-1 on the neutrophil surface (Supplemental Figure 4) .
PSGL-1 deficiency protects against venous thrombosis in a mouse model of APS. We recently developed a new model of APS thrombosis (
As seen in our previous work, administration of APS IgG to WT mice resulted in larger ( Figure  4B ) and more frequent ( Figure 4C ) thrombi. In comparison, APS IgG-mediated thrombosis was markedly blunted in PSGL-1 -/-mice ( Figure 4 , B and C). In WT mice, we have previously demonstrated by both IHC and Western blotting that NETs are quantitatively increased in the thrombi of APS mice, as compared with controls (21) . For this quantification, we and others have relied on the only known biochemical marker for NETs, citrullinated histones (33) . Citrullination of core histones, mediated by peptidylarginine deiminase 4, appears to be required for the massive chromatin decondensation of neutrophil extracellular trap (NET) release and has been used regularly in the literature as a specific marker of NETs (34) (35) (36) (37) . Here, we found that NETs were less abundant in APS-PSGL-1 -/-thrombi as compared with APS-WT thrombi ( Figure 4D ), providing a potential mechanism to explain the reduced thrombosis in APS-PSGL-1 -/-mice. In summary, these data demonstrate that PSGL-1 deficiency can protect against antiphospholipid antibody-mediated thrombosis, with a potential mechanism involving neutrophils and NETs.
Leukocyte adhesion is reduced in the IVC of PSGL-1 -/-mice. We hypothesized that the results of Figure  4 could be explained by a reduction in leukocyte adhesion to the wall of the inferior vena cava (IVC) in the absence of PSGL-1. Indeed, as compared with controls, mice treated with APS IgG demonstrated a marked increase in IVC leukocyte adhesion 1 hour after flow restriction ( Figure 5A and Supplemental Video 1). Importantly, this increase was absent in PSGL-1 -/-mice ( Figure 5B and Supplemental Video 2).
Figure 3. PSGL-1 is upregulated in APS patient neutrophils. (A)
RNA was prepared from patients with primary APS, none of whom were a part of the RNA-sequencing analysis. Expression of the gene encoding for PSGL-1 was determined by quantitative PCR, with normalization to the β-actin gene. The median for each group is denoted by a solid horizontal line, while each data point represents a unique control/patient; **P < 0.01 by Mann-Whitney test. (B) Neutrophils were isolated from healthy controls and then incubated with heterologous control serum or APS serum for 4 hours. RNA was prepared and subjected to quantitative PCR as in panel A. The median for each group is denoted by a solid horizontal line, while each data point represents stimulation with a unique control/patient serum sample; *P < 0.05 by Mann-Whitney test. (C) Control neutrophils were incubated with either APS serum (n = 5) or the same APS serum samples depleted of total IgG. After 4 hours, RNA was prepared and subjected to quantitative PCR. Box-and-whisker plots denote minimum, 25th percentile, median, 75th percentile, and maximum; **P < 0.01 by paired t test. (D) Control neutrophils were incubated with IgG purified from controls or APS patients (n = 5). After 4 hours, RNA was prepared and subjected to quantitative PCR. *P < 0.05 by two-tailed t test.
In summary, these data reveal potentiation of leukocyte adhesion by antiphospholipid antibodies, which is mitigated by PSGL-1 deficiency ( Figure 5C ). Antiphospholipid antibody-mediated thrombosis is dependent upon neutrophil PSGL-1. As discussed above, we have previously demonstrated that neutrophils are required for antiphospholipid antibody-mediated venous thrombosis (21) . To confirm that the phenotype is specifically dependent upon neutrophil PSGL-1, we attempted to rescue thrombosis in PSGL-1 -/-mice with WT neutrophils. Indeed, WT neutrophils triggered thrombosis in PSGL-1 -/-mice that had been conditioned with APS IgG ( Figure 6A ). This was importantly in contrast to (i) mice treated with WT neutrophils but conditioned with control IgG, and (ii) mice conditioned with APS IgG but treated with PSGL-1 -/-neutrophils ( Figure 6A ). In summary, these data confirm that PSGL-1 expression by neutrophils is required for antiphospholipid antibodies to accelerate venous thrombosis.
Antiphospholipid antibody-mediated thrombosis can be mitigated by anti-PSGL-1 therapy. Finally, we turned our attention to the potential role of PSGL-1 antagonism as a therapeutic strategy. Indeed, there is much interest in related drug concepts in other inflammatory conditions such as sickle cell anemia and inflammatory bowel disease (26, 27) . Here, pretreatment with anti-PSGL-1 was effective in reducing the size of APS thrombi ( Figure 6B ). These data demonstrate the potential of PSGL-1 as a therapeutic target in APS.
Discussion
Historically, three cell types -endothelial cells, platelets, and monocytes -have received the majority of attention as drivers of thrombosis in APS (38) . This work has demonstrated that so-called antiphospholipid antibodies actually engage proteins such as β 2 GPI, which themselves associate with cell-surface phospholipids (39) . This engagement may lead to cell activation and upregulation of prothrombotic molecules, Mice were treated with IgG isolated from either healthy controls or patients with primary APS as described in Methods. The inferior vena cava (IVC) was then narrowed by fixing a ligature around the IVC (using a spacer to ensure uniformity). When a thrombus formed, it was just distal to the stenosis, in the area indicated by the spiral. (B) Thrombus length was measured 6 hours after flow restriction in WT or PSGL-1 -/-mice. APS 1 and APS 5 denote IgG from two different patients. The mean for each group is denoted by a horizontal line, while each data point represents an individual mouse; *P < 0.05 adjusted using Kruskal-Wallis test followed by Dunn's multiple comparisons test. (C) This is a contingency analysis of the data presented in panel B. *P < 0.05 and **P < 0.01 by χ 2 test. (D) NET content of APS thrombi (presented in panel B) was assessed by Western blotting for citrullinated histone H3 (Cit-H3) and total histone H3 (the two blots were run in parallel/contemporaneously). Quantification is based on n = 6 per group (3 each from APS 1 and APS 5); ****P < 0.0001 by two-tailed t test.
such as tissue factor. More recently, our group and others have suggested a role for neutrophils, the most abundant leukocytes in circulation, in the prothrombotic diathesis inherent to APS (21, 22, 24, 25, 40) . This work was spurred by a new emphasis in the thrombosis literature regarding the importance of neutrophils and NETs in pathologic clotting and, in particular, venous thrombosis (41) . As examples, the DNA component of NETs activates the intrinsic coagulation cascade (42, 43) , histones stimulate platelets (44) , and NET-derived proteases inactivate certain anticoagulant factors (42) . In some contexts, NETs may even be an important source of tissue factor (45) .
It should be emphasized that APS is an autoimmune disorder that is still primarily treated with anticoagulation, rather than immunomodulation. While anticoagulation clearly has some efficacy against the thrombotic and pregnancy complications of APS, the approach comes with inherent and sometimes life-threatening complications, including bleeding. Furthermore, anticoagulation has less proven efficacy in other APS manifestations such as thrombocytopenia, lower extremity ulcerations, nephropathy, seizures, and cognitive decline. While current clinical efforts are rightfully focused on testing novel oral anticoagulants (46), we would argue that a continued emphasis must be placed on understanding the inflammatory pathophysiology of APS, with the goal of establishing therapeutics that are more targeted and more effective.
To further understand the inflammatory aspects of APS, we used RNA sequencing to perform a comprehensive transcriptome analysis of neutrophils isolated from patients with primary APS. As compared with matched controls, APS neutrophils demonstrated an unequivocally activated signature. Interestingly, a number of the upregulated genes have already been defined as playing a role in APS, such as TLR4 (13), the complement component 5a receptor (47), protease-activated receptor 2 (48), and Fms-related tyrosine kinase 1 (FLT1, a receptor for vascular endothelial growth factor) (49) . Furthermore, TLR and IFN-mediated signaling stood out in the meta-group analysis -both are receiving active attention in APS (50) (51) (52) (53) .
Here, we especially focused on another upregulated pathway revealed by the RNA sequencing data -intercellular adhesion. There were several rationales for doing so. First, there are certainly hints in the literature that disrupting these pathways may protect against antiphospholipid antibody-accelerated thrombosis in vivo, albeit with a focus on endothelial factors more so than the role of circulating cells (15, 16) . Second, leukocyte adhesion is a potential therapeutic target, with active drug development programs already underway in other fields, including the study of sickle cell disease (26, 31) . Finally, we felt that our recently described animal model was particularly amenable to assessing the role of neutrophil adhesion in antiphospholipid antibody-mediated thrombosis (21) . Notably, the majority of models used to study APS in mice have relied on explicit vessel wall damage such as femoral vein pinch injury (13, 54) , laser injury to the cremaster microcirculation (55, 56) , and ferric chloride application (57) . The flow restriction model used by our Quantification of adherent leukocytes per 40× field. The mean for each group is denoted by a horizontal line, while each data point represents a unique mouse; ***P < 0.001 adjusted using one-way ANOVA followed by Tukey's multiple comparisons test.
group and others leads to what is likely more physiologically relevant activation of the endothelium (21, 42, 58) , as might be seen in a patient with stagnant blood flow in the deep veins of the lower extremities.
While the PSGL-1 -/-mice used here are global KOs, we added specificity to the model with adoptive transfer experiments. Transfer of WT neutrophils into APS-PSGL-1 -/-mice rescued the thrombosis phenotype, pointing to PSGL-1 contained within the neutrophil compartment as necessary for thrombosis in this model. As neutrophils transition from rolling to firm adhesion, PSGL-1 -working in concert with other surface molecules such as L-selectin -mediates the activation of β-2 integrins (59). Interestingly, we have previously shown that disruption of β-2 integrin signaling reduces the efficiency of antiphospholipid antibody-mediated NET release (22), and we therefore speculate that neutrophil adhesion plays a dual role in triggering thrombosis. The first, and obvious, role would be to localize the thrombotic event to a particular vascular location. Second, it is well accepted that signaling through both selectin ligands and integrins can further activate neutrophils (12) . We therefore propose that activation through these pathways is required for efficient NET release. Our Western blotting data demonstrating increased NET content in APS-WT thrombi as compared with APS-PSGL-1 -/-thrombi support this hypothesis. Future studies should interrogate whether these concepts might also extend to other conditions prone to inflammatory thrombosis, such as cancer and sepsis (60, 61) .
Our work is not the first to link PSGL-1 and APS. In 2007, Diz-Kucukkaya and colleagues demonstrated that a particular pattern of PSGL-1 alleles, as defined by a variable-number-of-tandem-repeats (VNTR) polymorphism in the mucin-like region of PSGL-1, was a risk factor for thrombosis in antiphospholipid antibody-positive patients (32) . The group's prior work had demonstrated that these alleles, by defining PSGL-1 length, could regulate the efficiency by which PSGL-1 binds to P-selectin and thereby modulate the risk of events such as strokes (62) . Their APS study posited that dimerization of PSGL-1 molecules of different lengths (the mixed AB genotype is predictive of APS) is actually the highest-risk situation for thrombosis (32) . It would be of interest to connect that work with our study by asking whether the polymorphic PSGL-1 alleles may be expressed at different levels, as defined by quantitative mRNA analysis.
Going forward, we would now argue that the therapeutic potential of PSGL-1 inhibitors and other cell adhesion antagonists should be further pursued. Indeed, antagonism of PSGL-1 is not only an effective therapeutic approach in these experiments, but has also been shown to protect against stroke in a lupus model (63) and against microvascular occlusions in sickle cell anemia (26) . The next step will be to dissect these pathways in other established APS models that target arteries and the microvasculature. In conclusion, our transcriptome profiling has confirmed the recent interest in APS neutrophils and the need to continue their study. Our proof-of-principle data have demonstrated that antagonism of neutrophil adhesion can protect against thrombosis. Future studies should focus on identifying other thrombosis-relevant adhesion pathway targets and on elucidating the role of adhesive intercellular interactions in triggering NET release. Both concepts will surely have implications that extend beyond APS to other disease states. Figure 4) . At the time of flow restriction in the inferior vena cava, mice were administered WT or PSGL-1 -/-neutrophils by i.v. injection. Thrombus length was measured 6 hours later. The mean for each group is denoted by a horizontal line, while each data point represents an individual mouse; *P < 0.05 adjusted using Kruskal-Wallis test followed by Dunn's multiple comparisons test. (B) WT mice were treated with APS IgG. Twenty-four hours before flow restriction, mice were also administered a single dose of either anti-PSGL-1 or isotype control antibody. Thrombus length was measured 6 hours after flow restriction. The mean for each group is denoted by a horizontal line, while each data point represents an individual mouse; *P < 0.05 by Mann-Whitney test.
Methods
Human subjects. Patients were recruited from rheumatology and hematology clinics at the University of Michigan. All patients with APS fulfilled the laboratory and clinical requirements for APS established by the Sydney classification criteria (1) . None of the patients met American College of Rheumatology (ACR) criteria for SLE (64) . Healthy volunteers were recruited through a posted flyer; exclusion criteria included history of a systemic autoimmune disease, active infection, and pregnancy. Blood was collected by phlebotomist venipuncture, and serum was prepared by standard methods and stored at -80ºC until ready for use. IgG, IgM, and IgA anti-β 2 GPI, as well as IgG and IgM anticardiolipin, were determined by multiplex assay on a BioPlex 2200 System (Bio-Rad). Lupus anticoagulant (LAC) was tested according to published guidelines (65) .
Neutrophil isolation and culture. Citrated blood was fractionated by density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare). Neutrophils were then further purified by dextran sedimentation of the rbc layer, before lysing residual rbcs with 0.2% sodium chloride. Neutrophil preparations were at least 95% pure, as confirmed by both flow cytometry and nuclear morphology. In some instances, neutrophils were cultured in RPMI media (Gibco) supplemented with 2% BSA (Sigma-Aldrich) and 10 mM HEPES buffer (Gibco) for 4 hours. In some experiments, the media was additionally supplemented with 10% human serum, 10% human serum depleted of total IgG, or purified human IgG (at a concentration of 10 μg/ml). IgG depletion was accomplished with Protein G Agarose (Thermo Fisher Scientific) as described previously (22) .
RNA preparation. Purified neutrophils were resuspended in TriPure Isolation Reagent (Roche) and stored at -80°C. RNA was later prepared by the Direct-zol RNA MiniPrep kit (Zymo Research) according to manufacturer's instructions. RNA integrity number (RIN) was > 7 for all included samples.
RNA sequencing. Sequencing libraries were created using the TruSeq Stranded mRNA library kit (Illumina), and 100 bp single-end mRNA reads were generated on an Immunina HiSeq 2500 instrument. Sequenced reads were cleaned using the Trimmomatic (v. 0.32) preprocessing workflow and then mapped to the human genome (hg19) with SHRiMP (version 2.2.3) (66, 67) . Differential expression analysis of mapped reads at the gene level was accomplished using the edgeR analysis package in the R programming environment. Only genes with a fold difference of > 2.0, a counts per million (CPM) of > 1 in at least 50% of samples (9 samples), and a FDR-adjusted P value of < 0.01 were considered for further analysis. RNA sequencing data were deposited in Gene Expression Omnibus (GEO), under GEO accession number GSE102215.
Bioinformatics analysis. Bioinformatics analysis was conducted using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (68, 69) . Gene set enrichment was calculated for biological process and molecular function GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. A Benjamini-Hochberg corrected P value of < 0.05 was considered significant. Additional bioinformatics analyses were also performed using both FGNet and GeneTerm Linker Bioconductor packages for the R statistical programming language (70, 71) . Specifically, GeneTerm Linker was used to perform an initial gene enrichment analysis, which produced gene-term sets based on gene ontologies for biological processes and molecular functions. These gene-term sets were then used for a subsequent analysis by FGNet to predict functional gene networks. Significantly enriched functional networks were those with an adjusted P value < 0.05 and a silhouette width > 0, representing a greater functional coherence of genes and gene-term sets.
A program called IRIDESCENT was used to create the literature-based network of associations between concepts and genes (72, 73) . Briefly, IRIDESCENT processes MEDLINE records (titles and abstracts) using a thesaurus of names and synonyms obtained from public databases of genes, diseases, phenotypes, chemical compounds, and GO categories. It searches for cooccurring entities and weights the cooccurrence by whether the entities were found in the same sentence (+0.8 weight) or abstract (+0.5 weight). Cumulatively, this creates a weighted network of published relationships. The upregulated genes in primary APS were analyzed for how they intersected with the concepts "cell adhesion" (which includes synonyms like "cellular adhesion") and "neutrophil adhesion."
Quantitative PCR. cDNA was synthesized using MMLV RT (Invitrogen) and 200 ng of RNA in a MyCycler thermocyler (Bio-Rad). Quantitative PCR was performed with the SYBR Green PCR Master Mix (Applied Biosystems) according to manufacturer's instructions and was carried out using an ABI PRISM 7900HT (Applied Biosystems). Primers for the human PSGL-1 and β-actin genes were purchased from Qiagen (QuantiTect Primer Assays, which have proprietary primer sequences). Ct values were normalized to the β-actin housekeeping gene to determine ΔCt. ΔΔCt values were then determined by comparing each ΔCt to a reference value within the control group (typically a value near the control mean). Data was presented as relative fold change by the formula 2
ΔΔCt . Preparation of human IgG. IgG was purified from human serum with Protein G Agarose according to the manufacturer's instructions (Pierce Biotechnology). Briefly, serum was diluted in IgG binding buffer and passed through a Protein G Agarose column (at least 5 times). Elution of IgG was done with 0.1 M glycine. The solution was neutralized with 1 M Tris, followed by overnight dialysis against PBS at 4ºC. After passing through a 0.2-μm filter, IgG purity was verified by SDS-PAGE. IgG was quantified by BCA protein assay (Pierce Biotechnology). IgG preparations were free of endotoxin contamination as determined by a chromogenic endotoxin quantification kit (Pierce Biotechnology). IgG samples used for injection into mice (see below) were prepared from APS patients who had high-titer IgG anti-β 2 GPI, high-titer IgG anticardiolipin, and positive testing for lupus anticoagulant (so-called triple-positive patients).
Flow cytometry. For in vitro studies with human neutrophils, cells were washed and stained with anti-CD15 (W6D3, BioLegend), anti-CD16 (3G8, BioLegend), and anti-PSGL-1 (KPL-1, BD Biosciences). Staining was for 30 minutes at 4°C. After washing, cells were fixed in 2% paraformaldehyde. For in vivo studies, mouse whole blood was stained using the following antibodies: anti-Ly6G (1A8, BD Biosciences), anti-PSGL-1 (2PH1, BD Biosciences), anti-Ly6C (HK1.4, BioLegend), and anti-CD11b (M1/70, eBioscience). Cells were stained for 30 minutes at 4°C. After washing, cells were lysed and fixed using eBioscience 1-step Fix/Lyse Solution. Flow cytometry was with a LSRFortessa Cell Analyzer (BD Biosciences). Further data analysis was done in FlowJo.
Animal housing, surgery, and treatments. Mice were housed in a specific pathogen-free barrier facility and fed standard chow. C57BL/6 mice were purchased from The Jackson Laboratory (000664) and used at approximately 10 weeks of age. PSGL-1 -/-mice were originally purchased from The Jackson Laboratory and backcrossed to the C57BL6/J strain > 16 generations before use in these experiments (63) .
To model antiphospholipid antibody-mediated thrombosis, mice were administered 2 doses (500 μg each) of either control or APS IgG by i.p. injection, 48 hours apart. Just prior to the second IgG treatment, a laparotomy was performed under anesthesia, and a ligature was fastened around the IVC over a blunted 30-gauge needle (which served as a spacer). After removal of the spacer, the abdomen was closed, and the mouse was allowed to recover. Mice were humanely euthanized, and thrombus formation was assessed 6 hours after laparotomy. In some experiments, mice were pretreated with anti-PSGL-1 antibody or isotype (4RA10, BD Pharmingen, 100 μg by i.p. injection) 24 hours before the laparotomy.
For neutrophil adoptive transfer, neutrophils were prepared from the BM of 10-week-old mice with the Mouse Neutrophil Enrichment Kit (Stem Cell Technologies, catalog 19762A) according to manufacturer's instructions. To model antiphospholipid antibody-mediated thrombosis, mice were administered a single dose of either control or APS IgG (2,000 μg) by i.p. injection 24 hours before the laparotomy. Immediately following the laparotomy (and IVC flow restriction), 2.5 million neutrophils were infused by retroorbital injection. Mice were humanely euthanized, and thrombus formation was assessed 6 hours later.
ELISA for anti-β 2 GPI IgG. Serum was tested according to manufacturer's instructions (Inova Diagnostics). Intravital microscopy. Mice were administered a single dose of either control or APS IgG (2,000 μg) by i.p. injection. Twenty-four hours later, a laparotomy was performed under anesthesia and IVC flow was restricted (stenosis procedure, as described above for thrombosis experiments). One hour after flow restriction, rhodamine-6G (200 μl of a 0.067 mg/ml solution) was injected i.v. via the retroorbital sinus. The abdomen was opened, and the IVC was again exposed. Labeled leukocytes were visualized with a Nikon FN1 fixed-stage microscopy system with X-cite for epi-fluorescence. Videos were recorded with a Photometrics Coolsnap Cascade 512B color digital camera system (1,500 frames over 2 minutes). Analysis was with the MetaMorph Premier software package (Molecular Devices). The area of attention was 3-5 mm distal (i.e., in the direction of the tail) to the suture/stenosis. Adherent cells (stable for the duration of the 2-minute video) were quantified in at least three 40× fields per mouse. Finally, fields were averaged to generate a single value for each mouse.
Western blotting. After separation from the vessel wall, thrombi were prepared for SDS-PAGE by sonication in RIPA buffer (50 mM Tris pH 8.0, 200 mM NaCl, 0.5% Nonidet P-40, and a Roche protease inhibitor cocktail pellet). Lysates were cleared by centrifugation at 14,000 g for 10 minutes at 4°C. Protein concentration was determined by the BCA Protein Assay Kit (Pierce Biotechnology) according to manufacturer's instructions. Samples were resolved by 15% SDS-PAGE and transferred to a 0.45-μm nitrocellulose membrane. Primary antibodies were against citrullinated histone H3 (5103, Abcam) and histone H3
